We investigated age-specific variation in male yearly breeding success (YBS) using genetic estimates obtained from 2 populations of a territorial ungulate, the European roe deer (Capreolus capreolus). YBS in both populations was markedly age-structured, with 3 distinct stages, supporting the dome-shaped pattern of variation commonly reported for age-dependent variation in life-history traits of ungulates. YBS was low at 2 years of age, peaked at 3-8 years of age, and tended to decline afterwards (senescence). Most males successfully reproduced for the 1st time at 3 years of age, which is well after their physiological maturity. The few successful young males (i.e., 2 year olds) were likely fast-growing individuals that could successfully hold a territory. The high variance in YBS and antler size for old males at Bogesund, Sweden, suggests that only some males of this age class are able to maintain large antlers and, hence, retain their territories.
Because most populations of vertebrates are strongly agestructured (Charlesworth 1994), assessing age-specific changes in fitness components is a crucial issue in population ecology (Tuljapurkar and Caswell 1996) and life-history theory (Stearns 1992) . At both population and individual levels, empirical studies have repeatedly reported that reproductive performance and survival are typically low at young ages, increase and peak during the prime-age adult stage, and then decline at old ages (e.g., see Gaillard et al. [2000] for a review on large herbivores). However, although male breeding success of highly dimorphic and polygynous species with dominance-rank-based mating tactics has been reported to fit this general age-specific pattern (especially in ungulates [e.g., Coltman et al. 2001] ), little information is available on territorial ungulate species. Life-history theory predicts that, in age-structured populations, individuals should partition their lifetime reproductive effort so that individual fitness is maximized (Fisher 1930) . In territorial species we expect that age-specific variation in male reproductive success should be shaped by age-specific variation in territorial status, because territory acquisition is thought to be a prerequisite for mating. Thus, we expect the mating tactic itself to shape agespecific variation in mating success (see Yoccoz et al. [2002] for similar arguments on the harem-based mating tactic of red deer [Cervus elaphus]). Therefore, our aim was to investigate this issue in a territorial ungulate species.
The European roe deer (Capreolus capreolus) is a territorial ungulate where males are ,10% heavier than females (Vanpé et al. 2008) . Although the main determinants of variance in male breeding success are well known in highly dimorphic and polygynous ungulate species (e.g., Clutton-Brock et al. 1982; Coltman et al. 2001 ), little information is as yet available for territorial species, and in particular, roe deer. In a recent paper (Vanpé et al. 2008) , we used parentage analysis to estimate male breeding success of roe deer in 1 long-termstudied population (Bogesund, Sweden). As predicted for polygynous species with low sexual size dimorphism, we found a low variance in male breeding success, suggesting a low level of polygyny and a low opportunity for sexual selection in roe deer. In a 2nd paper (Vanpé et al. 2009 ), we showed that male breeding success in the same population was determined, at least partially, by territory size of males and by relative abundance of females within a territory (see also Liberg et al. 1998 ). This suggests a strong spatial component to variance in male breeding success, because males usually try to maintain the same territory each year, and a strong role of territorial status in male mating success. Hence, it is likely that age-specific variation in male breeding success in roe deer should be shaped by age-specific variation in territorial status.
The objective of this study was to assess age-specific variation in male yearly breeding success (YBS) in 2 populations (Bogesund and Trois Fontaines, France) and discuss the results in light of our knowledge on age-specific variation in territorial status of male roe deer. We tested whether age-specific changes of male YBS fitted the expected dome-shaped relationship. In particular, because senescence has been reported for male antler size, body mass, female reproductive output, and survival of both sexes in roe deer (Gaillard et al. 1998; Vanpé et al. 2007 ), we expected YBS to decrease among old males. In addition, we investigated the age of 1st successful breeding for young males, which is still a subject of controversy in roe deer. Indeed, although males become sexually mature at about 15 months, most studies have reported that they do not usually defend territories before 3 or 4 years of age (e.g., Bramley 1970; Strandgaard 1972) , although nonterritorial young males may play an active role during the rut, repeatedly challenging territorial males ).
MATERIALS AND METHODS
Study sites and data collection.-We used long-term data collected from 2 intensively monitored populations of roe deer: Bogesund, a 2,600-ha area of fragmented habitat located in east-central Sweden (59u239N, 18u159E), and Trois Fontaines, a 1,360-ha enclosed forest in eastern France (48u439N, 2u619E; see Vanpé et al. [2007] for more details). The populations of Bogesund and Trois Fontaines have been intensively monitored since 1988 and 1975, respectively, using capture-mark-recapture methods. Each year during winter, roe deer (adults and 8-to 10-month-old fawns) were captured in box traps (at Bogesund) or nets (at Trois Fontaines) and individually marked. In addition, since 1997 at Bogesund and 1985 at Trois Fontaines, newborn fawns are caught in May-June by hand and individually marked. During the study period, some roe deer were occasionally shot or removed in order to manipulate population density experimentally. At Bogesund, population density strongly increased from 1990 to 1992, reaching about 30 deer/km 2 in 1992, and then decreased in 1993 to fewer than 10 deer/km 2 due to intensive culling. After that, density was almost constant, although the population tended to increase somewhat after 1998 ). At Trois Fontaines, the population is highly productive: the density fluctuated around 15 deer/km 2 from 1992 to 2001, and then increased regularly up to nearly 30 deer/km 2 in 2004 in response to removals ).
Our field protocols followed guidelines approved by the American Society of Mammalogists (Gannon et al. 2007) , and were approved, over the years, by multiple institutional animal care and use committees.
Paternity analysis and estimation of male YBS.-Since 1988 at Bogesund and 1994 at Trois Fontaines, tissue samples were collected from the ears of all captured individuals. We genotyped 1,757 and 1,298 roe deer at 21 and 11 microsatellites at Bogesund and Trois Fontaines, respectively (see Vanpé 2007; Vanpé et al. 2008) . Parentage was assessed using a likelihood-based approach with the program CERVUS 2.0 (Marshall et al. 1998 ) and using the user-input parameters described in Vanpé (2007) and Vanpé et al. (2008) . We successfully assigned 442 and 161 fawns to a given father at the 80% level of confidence, of which 90 and 39 fawns were assigned a known-age father, at Bogesund and Trois Fontaines, respectively. We then estimated YBS for each known-age male (i.e., 1st captured as a fawn) and for each breeding season during which the male was considered as a candidate father, as the total number of paternities assigned to that male in a given year at the 80% confidence level. Our estimates of YBS were minimum estimates, because it was not possible to catch all fawns born each year. We obtained data on the breeding success of 69 different known-age males, with a mean of 3.35 (SE 5 0.23, range 5 1-11) studied years per individual and rut years from 1991 to 2004 at Bogesund, and of 111 different known-age males, with a mean of 2.62 (SE 5 0.15, range 5 1-8) studied years per individual and rut years from 1998 to 2005 at Trois Fontaines. Fawns that were successfully assigned to a known-age male were born from 1992 to 2005 at Bogesund and from 1992 to 2002 at Trois Fontaines.
Statistical analyses.-To analyze the influence of age on YBS at the population level, we used a generalized linear mixed model implemented in the glmmADMB module of the software R 2.3.1 (R Development Core Team 2004). Parameters were estimated by maximum likelihood using the Laplace approximation to evaluate the marginal likelihood (Skaug and Fournier 2005) . YBS was modelled as a Poisson distribution. Because many males could be categorized as unsuccessful because we did not catch the fawns they sired, we used a zero-inflated model (Bohning et al. 1999) . Age was fitted as a fixed effect and individual identity as a random effect, thus controlling problems of pseudoreplication. We pooled data for both populations and tested the effects of age and population, as well as their interaction, on male YBS (Table 1) . We tested different age effects by fitting age as a continuous or discrete variable (Table 1) . We only included known-age males (1st captured as fawns). We selected the best model as the model with the lowest Akaike information criterion corrected for sample size (AIC c -Burnham and Anderson 2002). The confidence intervals of the predictions of zero-inflated generalized linear mixed models were built using the classical asymptotic theory of the log-likelihood ratio test adapted to this special case (Cox and Hinkley 1992) .
RESULTS
The age (at fawn conception) of the fathers that sired fawns ranged from 2 to 12 years at Bogesund (n 5 90 fawns) and from 2 to 8 years at Trois Fontaines (n 5 39 fawns; Fig. 1 ). The age of 1st conception (i.e., 1st successful breeding) among fathers ranged from 2 to 5 years (X 5 2.98 years 6 0.85 SE) at Bogesund (n 5 44 males) and from 2 to 7 years (X 5 3.30 6 0.25 years) at Trois Fontaines (n 5 20 males), with a median of 3 years of age in both populations. The best model (i.e., the model with the lowest AIC c ) explaining the variation of male YBS with age included additive effects of population and a 3-age-class term (i.e., 2, 3-8, .8; Table 1 ), with about 42% chance of being the best model. According to this model, YBS followed a similar pattern in both populations in that it was lower for 2 year olds, higher for 3-8 year olds (mean difference with 2 year olds 5 0.997 6 0.244 SE), and then decreased for older males (mean difference with 2 year olds 5 0.240 6 0.578 SE; Fig. 2 ). In addition, YBS was lower for a given age class at Trois Fontaines than at Bogesund (mean difference 5 21.631 6 0.233 SE; Fig. 2 ). However, note that the data supported almost equally well (DAIC c , 2-Burnham and Anderson 2002) both a simplified model with only 2 age classes (2, .2; i.e., no dome-shaped pattern), as well as a more complex model where the slope of the domeshaped pattern differs between the 2 populations (Table 1) .
DISCUSSION
We found similar results in both populations. Male reproductive performance was highly variable in relation to age, with 3 distinct stages, supporting the dome-shaped pattern of variation commonly reported for age-dependent variation in life-history traits of ungulates (Gaillard et al. 2000) . Male YBS was low at 2 years of age, peaked at 3-8 years of age, and then tended to decline after 8 years of age.
Although male roe deer become sexually mature at about 15 months of age and there is evidence that some 2-year-old males can occupy territories (Johansson 1996; Strandgaard 1972) and that nonterritorial young males can challenge territorial males during the rut , no previous study has shown that 2-year-old males could actually sire fawns. We provide here the 1st evidence that young (2-year-old) males can breed successfully. Our results also showed that although about 15% of fathers were 2 year olds in both populations, they had a lower average YBS than older males. This difference was due to a low proportion of successful 2-year-old males rather than to a lower number of fawns sired when successful in a given year. Indeed, at both Bogesund and Trois Fontaines, the proportion of successful breeders was higher in 3-8 year olds (about 45% and 12%, respectively) than in younger males (about 20% and 4%, respectively) .
We speculate that the few successful 2-year-old males are likely fast-growing individuals that can outcompete older males and hold a territory during the rut. Indeed, examination TABLE 1.-Model selection for age-specific variation in yearly breeding success of male roe deer (Capreolus capreolus). DAIC c 5 difference between Akaike information criterion corrected for sample size (AIC c ) of the given model and the best model; w i 5 Akaike weight; k 5 number of parameters; null 5 constant model; age, age 2 , 2 ac (2, .2), 3 ac (2, 3-8, .8) 5 age fitted as a covariable, as a quadratic function, as a factor with 2 (i.e., 2, .2 years old) or 3 (i.e., 2, 3-8, .8 years old) age classes, respectively; pop 5 population fitted as a 2 level factor (Bogesund, Trois Fontaines). The model with lowest AICc is indicated by boldface type. of our data showed that 2-year-old males that were successful at Bogesund were more often territorial, were heavier (body mass X 5 24.3 kg 6 0.5 SE for successful individuals versus 22.2 6 0.4 kg for unsuccessful individuals; Wilcoxon rank sum test: W 5 70.5, P 5 0.006), and tended to have longer antlers (standardized antler size X 5 216.3 mm 6 18.4 SE for successful individuals versus 218.5 6 22.5 mm for unsuccessful individuals; W 5 7, P 5 0.45; see Vanpé et al. [2007] for details on standardized antler size measures) than unsuccessful ones, although the difference was not statistically significant. Our previous results from the Bogesund roe deer population showed that residual antler size in subadults had a positive effect on their territory size and their access to females, suggesting that large antlers may be important to young males for establishing their 1st territory and mating (Vanpé et al. 2009 ). In support of this, we also found that most males did not sire fawns before 3 years of age (present study), when they had almost reached their full adult body mass (Pettorelli et al. 2002) and antler size ). Hence, most males were only successful 2 or more years after physiological maturity, a pattern similar to that often reported for dimorphic and polygynous species (Jarman 1983) . Nonterritorial 2-year-old males could adopt sneaky tactics (satellite or peripheral- Liberg et al. 1998 ) to attempt to mate with unattended females. However, their mating success is likely to be very low. Indeed, females seem to avoid nonterritorial young males and vocally protest when courted by them, provoking territorial males to attend (Börger 2006; Liberg et al. 1998 ). In addition, territorial males exclude nonterritorial males, especially when they attempt to court a female (Börger 2006) . However, further research is needed to investigate whether all successful breeders among 2-year-old males are territorial or whether sneaky strategies also can result in successful reproduction, as well as to estimate the proportion of territorial individuals among 2-year-old males. In both populations, males older than 8 years tended to have lower breeding success than prime-age males, providing evidence for senescence in male YBS of roe deer, although the pattern was not strong. Although at Trois Fontaines all 8 males older than 8 years of age failed to breed, at Bogesund the variance in YBS among the 7 senescent males was high, with 3 old males siring as many fawns as prime-age males, and 4 old males being unsuccessful. From 2001 to 2005 (those years for which we had some data for old males in both populations), population density strongly increased from about 15 deer/km 2 to almost 30 deer/km 2 at Trois Fontaines, whereas it was more stable at Bogesund, at about 15 deer/ km 2 (see Vanpé et al. 2007: appendix B) . This might explain why successful breeding among old males was possible at Bogesund but not at Trois Fontaines. Variance in mating or breeding success, or both, has been reported to be strongly affected by population or local density, or both (e.g., Kokko and Rankin 2006) .
The high variance in YBS for old males at Bogesund intriguingly matches the high variance in antler size of these animals and supports our hypothesis that some old males may be able to maintain large antlers, retain their territories, and, hence, are highly successful at mating, whereas others with smaller antlers may be forced by younger males to restrict their territory size, with limited participation in the rut ). These results also are in line with several studies of Scandinavian roe deer populations in which a loss of territory-specific dominance has been reported for some males during their last rutting seasons before death. Old males may sometimes be evicted by a younger male, and must restrict their movements to a small area (Johansson 1996) , with limited participation in the rut (Kurt 1991) . It is likely that these males have much lower breeding success than fully territorial males, if any at all. Note that although we previously found that residual antler size had little effect on male access to females in adults compared to young males (Vanpé et al. 2009 ), we did not consider males older than 8 years of age in that study, and so it is highly possible that antler size also plays an important role in old males for maintaining their territory and mating success. Our study clearly shows how limited our knowledge still is about male roe deer YBS. We will need more data for older males using longitudinal data sets to control for the confounding effects of yearly stochastic variation and increased average individual quality with age through ''viability selection '' (van de Pol and Verhulst 2006; Vaupel et al. 1979 ) in order to better understand mating tactics in senescent male roe deer. Note that we did not perform a longitudinal analysis here (too few data), rather we used mixed models to account for the pseudoreplication generated by the inclusion of the same individual in different years on a number of occasions.
The dome-shaped pattern in age-specific variation of reproductive performance for male roe deer is similar to the pattern observed for most polygynous ungulates with domi- FIG. 2. -Age-specific estimates of male yearly breeding success (YBS) predicted by the model with age fitted as a factor with 3 age classes (2, 3-8, .8 years) at Bogesund (white diamonds) and Trois Fontaines (black squares). Error bars show 95% confidence intervals (see text for details). The sample sizes of each age class also are given. Note that the skewed confidence intervals are due to the Poisson distribution of data.
nance-based mating tactics (Gaillard et al. 2000) . For the territorial roe deer, it seems that age-specific variation in territorial status shapes this pattern, supporting the hypothesis of Yoccoz et al. (2002) that the mating tactic itself shapes agespecific variation in mating success.
